Main objective was the development of a non-contact measurement technique to determine the decayed proportion of apples. Using impedance measurements enables measuring the proportion of damaged cells in biological tissue depending on the frequency. The measurements with the coil system showed dependence on the mass and on the apple variety. With increasing decay the voltage signal also increased. Healthy apples can be distinguished statistically sure of partially decayed apples from a decayed part of 16.3%. It did not matter if the variety was considered.
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Development of an impedance measurement system for the detection of decay of apples 
Introduction
For the production of apple juice a good quality of raw material is needed. Particularly decayed apples are not suitable for production due to possible health risks for the consumer. Therefore apples with visible decayed areas are currently rejected from the production process with complex optical measuring systems or manually by hand [1, 2] . These procedures inspect the outer surface of the apples. Inaccurate results for the degree of decay for a whole apple may occur by the derivation and estimation only from optical appearance. Hence a demand for a measurement technique can be stated that examines the whole fruit contactless and in-line, including internal changes. Main objective was the development of a non-contact measurement technique to determine the decayed proportion of apples.
Apples consist of cells like all organic materials. The cell membrane separates the intra-and extracellular space from each other. During the decay process of apples the cell structure is destroyed. Usually the infestation of mold in apples starts with an injury of the peel. The mold secrets a mixture of enzymes into this injury which destroys the cells so that the mold can grow inside the apple [1] . Very often the apples are infested by the patulin producing mold Penicillium expansum [2] .
It is possible to conclude from the proportion of damaged cells on the proportion of decayed tissue. Using impedance measurements with conductive coupling enables frequency dependent determination of damaged cells in biological tissue [3] .
The measurement of impedance spectra of biological samples is called bioimpedance spectroscopy. Biological materials exhibit frequency-dependent dispersion regions [3] . There are the -dispersion region at low frequencies (100 mHz -100 Hz), the -dispersion region at intermediate frequencies (1 kHz -10 MHz) the -dispersion region (10 MHz -1 kHz), and the -dispersion in the low GHz range [3, 4] . Especially the -dispersion region is interesting for the consideration of the cell structures [5] . If frequencies at the top of this dispersion region are chosen, the current flows through the cell. If frequencies in the lower -dispersion region are selected, the current can only flow through the extracellular space. The cell membranes behave in this frequency region like electrical resistors [6] . Hence, measurements at low ac frequencies are suitable for the description of damages in biological tissue [7] . Several studies where plant cells were destroyed with different treatment methods showed that the degree of destruction can be measured using impedance spectroscopy [6, 8] .
Usually impedance measuring uses electrodes plunged in the sample. Therefore this measurement technique is not suitable for in-line use in industrial production processes.
Using inductive measurement techniques, it would be possible to measure the total fruit contactless and non-destructive. It is still not investigated whether this type of measurement technique is suitable for the description of decay of apples. In this work an inductive working coil system is used. This system works basically like a metal detector.
Materials and Methods
An appropriate measurement process had to be developed first. The investigations were carried out with a three coil system. One of them is the transmitting coil placed in the middle of the measuring system. The other ones are receiving coils. They are located in the same distance from the transmitting coil. The samples are passed with a conveyor belt through the coil system. The transmitting coil induces a magnetic field. The receiving coils are connected to a differential amplifier. For a balanced coil arrangement a zero voltage is measured at the differential amplifier. If a conductive sample passes a receiver coil, the magnetic field is distorted. In this case the voltage is not equal to zero [9] [10] [11] . The measured voltage represents the same information as the impedance [12] .
The voltage signal can be transformed into the two voltage channels A (U A ) and B (U B ). The voltage amplitude (U 0 ) can be calculated with these two channels (see Equation 1 ). The ratio of channel A to channel B can be transformed into the angle (see Equation 2) .
The measurements were performed with coil arrangement based upon the MDP-H-25x20 (Sartorius Mechatronics GmbH, Germany). The coil system is 20.2 cm high, 25.3 cm wide and 37 cm deep. The conveyor belt is 150 cm long and 20 cm wide. Frequencies can be set in the range of 197-638 kHz with the coil system. The operating frequency of 197 kHz was chosen for the experiments.
The raw signals of the measurements were processed with especially for this purpose programmed data analyzing software using Labview 8.2 (National Instruments USA). The software calculates U A , U B , U 0 and from the raw signal.
The apple varieties Schöner von Herrnhut (n = 49), Linsenhöfer Sämling (n = 48), Schöner von Wiltshire (n = 35), Goldparmäne (n = 44), Lombarts Kalvill (n = 50) and Gescher Klosterapfel (n = 51) were selected for the experiments. Until the inoculation the apples were stored in the fridge at 8 °C.
Subsequently intact healthy apples were tested. For the measurements the apples were placed on the middle of the conveyor belt and measured three times with the coil system. The arithmetic mean was calculated from the three measured values.The apples were infected with Penicillium expansum. After inoculation, the apples were stored at room temperature. To monitor the proceeding decay, 5 to 10 apples of each variety were measured within a period of three weeks. Due to several measurements of each apple it is called experimental day. For each apple variety 6 experimental days were conducted.
After the measurements with the coil system the decayed part of the apples were determined by removing it with a spoon and weighing the whole apple and the decayed part [13] .
Statistical analysis was performed with R 2.10.1 (The R Foundation for Statistical Computing) and the Addon R Commander 1.5-4 [14] . The Shapiro-Wilk test was used to test for normality. The data were checked on linear regression. The coefficients of the calculated regression model were checked for significance with the t-test. The coefficient of determination (R²) was checked for significance with the omnibus F test. The normal distribution of residuals was checked in order to validate the calculated model [15] .
Means were compared using analysis of variance (one-way ANOVA). The significance of the normal distribution and the correlation coefficients were expressed with the p-value. The null hypothesis is rejected if the p-value was less than 0.05 [15] .
Results and Discussion
Prior to inoculation all apples were measured with the coil system. The measurements showed a dependence on the mass. With increasing mass the measured values also increased. The linear regression analysis was performed for the correlations of the electrical parameters and the masses. Table 1 shows the results of the statistical analysis. Good coefficients of determination (R²) were found for U B and U 0 . The coefficient of determination was for all electrical parameters significantly different from zero. The highest R² was found for the U B -mass relationship. All coefficients of the regression models were significant. The residuals of the U 0 -mass regression model and the U B -mass regression were normal distributed. Consequently, these two regression model could be validated. U B showed the highest correlation to the mass. Therefore, the determined linear equation between U B and mass was used for normalizing (see Table 1 ). The new calculated parameter is called U B,normalized . The mass dependence results from the different amount of charge carrier in an apple. If there are bigger apples the amount of charge carriers is also exceeded. Thus, the measured voltage increases. Apples are a quite homogenous product. Therefore, the connection between the electrical parameters and the mass can be described with linear regression. Table 2 shows the results from the normalizing. The statistical analysis of the data showed that there were significant differences between some apple varieties. Hence, the measurement had to be normalized with consideration of the apple variety. It could not be clarified why these varietal differences were measured. There could be an influence of the material composition of apples or an influence of the apple shape. The results of the statistical analysis is shown in Table 3 . Good coefficients of determination (R²) were found for every apple variety. The coefficient of determination was significantly different from zero for all regression models. All coefficients of the regression models were significant. The residuals of all U Bmass regression model were normal distributed. Therefore, the determined linear equations were used for normalizing (see Table 3 ). The new calculated parameter is called U B,variety,normalized . After the normalization with consideration of the apple variety and the mass the statistical analysis of the data showed no significant differences between the varieties (see Table 4 ). The inoculation of the apples with Penecillium expansum resulted in sharply demarcated soft, watery, brown spots. The brown fruit tissue could be removed easily from the remaining tissue with a spoon. Figure 1 shows the mass-normalized values U B,normalized over the decay proportion of the apples and the mass and variety normalized values U B,variety,normalized over the decay proportion of the apples. If the mass respectively the variety and the mass were considered the voltage resulting from the coil system measurements also increased with proceeding decay. The U B,variety,normalized values showed a slightly higher correlation compared to the U B,normalized values. The regression analysis was performed for the correlations of the normalized electrical parameters (U B,normalized , U B,variety,normalized ) and the decay proportions. Table 5 shows the summary of the statistical analysis. Good coefficients of determination were found for every regression model. All of them were significantly different from zero. All coefficients of the regression models were significant. The residuals of the regression models were not normal distributed. Consequently, the investigated regression models cannot be validated. It was not possible to find a validated regression model. In order to determine from which degree of decay healthy apples can be distinguished from partially decayed ones groups were built considering the different proportion of decay (see Table 6 ). The measured values (U B,normalized , U B,variety,normalized , decay proportion) of each group were normal distributed. The means of the group were compared using analysis of variance. Healthy apples could be distinguished statistically sure of partially decayed apples from a decayed part of 16.3%. It did not make a difference whether the values were normalized by mass or normalized by mass and variety. Thus, it is not necessary to normalize by apple variety. The decay process destroys cells. Healthy apples have intact cells. The normalized values for UB were lower compared to the values of decayed apples. Therefore, the increase of the normalized values can be explained by the destruction of the cells. Several studies have demonstrated that the degree of destruction can be measured using impedance spectroscopy with conductive coupling [6, 8] . The results of this investigation showed the same effect. The normalized electric parameters of the apples increased with continuous decay. Basically, it can be assumed that the inductive measuring method provides similar statements as conductive working measuring systems.
Conclusion
This investigation indicates that inductive and conductive measurements provide similar statements. The electrical parameters showed mass dependence. The voltage U B is best suited to describe the mass dependence. There was also a dependence on the apple variety. It could be shown that decay leads to higher normalized values for U B . It is possible to distinguish between healthy and partially decayed apples. It did not make a difference whether the values were normalized by mass or normalized by mass and variety. Hence, the developed measurement method can be used in principle for in-line sorting of apples.
In further investigations it has to be studied if it is possible to measure the decay of apples which are inoculated by different mould.
